Introduction
Femoroacetabular impingement (FAI) has been proposed as a pathomechanical mechanism that may instigate functional disability and early development of hip osteoarthritis in young and active adults [11, 13, 14] . Patients with symptomatic FAI have considerable hip muscle weakness, that is, they present an impaired ability to develop maximal hip muscle strength compared to healthy controls [7] . Such FAI-related hip muscle weakness might cause functional disabilities during short moderate-to-high intensity dynamic tasks, such as jumping and one-leg stepping down [1] . Nevertheless, patients with symptomatic FAI also experience hip joint pain and disability while performing dynamic tasks for prolonged periods of time. For example, Clohisy et al. [8] reported that walking limitations of patients with FAI progressively worsen as walking time increases. Similarly, Philippon et al. [20] observed that almost all patients with FAI (92%) could not practice their sport activities (e.g., running, tennis, football) as long as desired. For this reason, it is important to verify if, besides hip flexor muscle weakness, FAI may lead to impaired fatigue resistance, which is defined as the muscle's inability to maintain an expected force [2] . Therefore, the aim of this study was to compare hip flexor fatigue between patients with symptomatic FAI and agematched healthy controls. Muscle fatigue was investigated in submaximal static and maximal dynamic conditions, so as to imitate situations that patients could encounter during daily and sport activities. It was postulated that patients would demonstrate greater hip flexor muscle fatigue compared to controls.
Materials and methods

Subjects
Patients with symptomatic FAI and healthy control subjects matched for gender, age and body mass volunteered to participate in the study. FAI diagnosis was carried out by the same senior surgeon according to clinical and medical imaging evaluation. Approximately one-third of patients had bilateral FAI diagnosis. All patients were participating in recreational physical activities (three times a week for at least 30 min, on average) before the onset of symptoms. Control subjects were asymptomatic and had no history of hip joint pain. Their average physical activity level was comparable to that of patients. For both groups, subjects presenting any disorder to the lower extremities (excepting hip impingement in the FAI group) that would have negatively influenced muscle fatigue evaluation were not included in the study. The study was conducted according to the Helsinki declaration, and the protocol was approved by the local Ethics Committee. All the subjects signed a written informed consent before participating in the study.
Experimental setup and procedures
Hip flexor fatigue was evaluated by comparing muscle fatigue outcomes between patients with symptomatic FAI and controls (between-subject comparison). The symptomatic (unilateral FAI) or the most symptomatic hip (bilateral FAI) was tested in patients, while controls had the respective hip evaluated, according to lower limb dominance. Hip flexor fatigue was evaluated in two separate experiments. In the first one (Experiment I), submaximal isometric fatigue was assessed in 15 patients and 15 controls (Table 1) as the changes in hip flexor torque fluctuations [18] and electromyographic (EMG) activity [4] during the course of a sustained submaximal contraction. In the second experiment (Experiment II), maximal isokinetic fatigue was evaluated in 15 patients and 15 controls (Table 1) as the decline in concentric hip flexor torque during a series of consecutive maximal contractions [6] . Ten patients and their respective controls completed both experiments in the same test session, separated by approximately ten minutes.
Hip flexor torque was measured with an isokinetic dynamometer (Biodex Medical Systems, New York, USA). Subjects laid supine on the dynamometer chair with the backrest inclined 15°with respect to the horizontal, and the dynamometer rotation axis was aligned to the hip rotation centre (greater trochanter) [7, 10] . The ipsilateral thigh was strapped to the dynamometer pad, approximately 5 cm proximal to the lateral femoral condyle. Pelvis and trunk were secured to the dynamometer chair with straps. Prior to fatigue evaluation, the mass of the tested limb was measured to correct for gravity.
Experiment I: Submaximal isometric fatigue
Protocol The dynamometer lever arm was fixed at 45°of hip flexion [7, 10] . First, hip flexor maximal voluntary contraction (MVC) torque was determined using standard procedures [15] . After two to three submaximal contractions, subjects were asked to complete three to four MVC trials of three to four seconds, without any concern for the rate of force development. Standardised verbal encouragement was consistently provided by the investigators. Rest interval between MVC trials was 60 seconds. After five minutes, subjects performed two or three familiarisation trials by flexing the hip for five to six seconds at 20-25% of MVC, and then completed the fatigue protocol. A computer screen that displayed the target (50% of MVC) and the actual hip flexion torque (Fig. 1a) was consistently provided to the subjects for visual feedback.
Subjects were instructed to progressively contract their hip flexor muscles up to the target torque, and to maintain it for 25 seconds. During MVC and fatigue trials, torque and EMG activity of rectus femoris and tensor fasciae latae muscles were continuously recorded (Fig. 1b, c ) using the Biopac system (MP150, Biopac System Inc., Goleta, CA, USA).
EMG activity Pairs of silver-chloride surface electrodes (inter-electrode distance of 25 mm) were positioned on the rectus femoris and tensor fasciae latae muscles according to standard recommendations [12] . Low resistance between electrodes was achieved with light abrasion of the skin and cleaning with alcohol. The ground electrode was positioned over the ipsilateral patella. EMG signals were amplified with a bandwidth frequency ranging from 10 Hz to 500 Hz, and digitised online at a sampling frequency of 2 kHz. Protocol The lever arm of the isokinetic dynamometer was set to move passively at an angular velocity of 70°·s -1 , from 10°to 80°of hip flexion (range of motion, 70°). Subjects were instructed to maximally flex the hip as the lever arm moved from 10°to 80°of flexion, and to rest as the lever arm moved from 80°to 10°of flexion. After three to four submaximal contractions, subjects completed 20 consecutive isokinetic maximal contractions of the hip flexors.
Data analysis Weight-normalised isokinetic torque produced at 45°of hip flexion (constant angle torque) was calculated for each of the 20 contractions. Since maximal hip flexor torque was generally observed at contraction number two, data of contraction number one were systematically excluded from the analyses and all torque values were expressed as a percentage of contraction number two [22] . Rate of torque decline was then calculated as the difference between "initial" torque (mean of contraction numbers two to four) and "final" torque (mean of contraction numbers 18 to 20), and further divided by the effective duration of the fatigue protocol (19 s) [16] .
Statistics
Differences between patients and controls in isometric MVC torque (Experiment I) and maximal isokinetic torque (Experiment II, contraction number two) of hip flexors were assessed with paired t-tests, as the two groups of subjects were treated as matched pairs [5] . Two-way ANOVAs (time x group) with repeated measures were used to assess differences in hip flexor fatigue outcomes between patients and controls. Bonferroni post-hoc analyses were further used to detect differences between pairs of means. Significance level was ; P=0.02). Concerning hip flexion torque fluctuations, no main effects of group and interaction were found (P=0.53), while time effect was significant (P= 0.03). Torque fluctuations significantly increased from the first to the third time section in both groups of subjects (P= 0.03; Fig. 2a) . Concerning EMG activity, no group effect and interaction were observed for RMS and MDF of both rectus femoris and tensor fasciae latae muscles (P>0.05), whereas a significant effect of time was observed for EMG RMS and MDF of both muscles (P<0.001). Post-hoc analyses showed that EMG RMS and MDF significantly increased (Fig. 2b, c) and decreased (Fig. 2d, e) , respectively, from one to the subsequent time section for both rectus femoris and tensor fasciae latae muscles (P<0.01).
Experiment II: Maximal isokinetic fatigue
The maximal isokinetic torque of hip flexors was significantly lower (−16%) in patients than in controls (0.97 ± 0.38 vs. 1.16 ± 0.36 N·m·kg 
Discussion
In contrast to our initial hypothesis, none of the hip flexor fatigue outcomes considered in this study differed significantly between patients with symptomatic FAI and controls, either during a sustained isometric submaximal contraction, or during a series of consecutive isokinetic maximal contractions.
Assessment of hip flexor fatigue could be of particular interest in patients with FAI, since they usually report subjective disabilities during prolonged walking [8] and sport activities such as running and tennis [20] . In this study, two distinct protocols were implemented to induce hip flexor fatigue, so as to reproduce different situations that patients could encounter during daily and sport activities. More specifically, we manipulated the main contraction characteristics, namely, the type (static vs. dynamic), the intensity (submaximal vs. maximal) and the timing (sustained vs. intermittent) with the objective to increase the probability to detect a difference in hip flexor fatigue between patients and controls. To our knowledge, this combined characterisation of hip flexor muscle fatigue using sustained submaximal isometric contractions and intermittent maximal isokinetic contractions has not been previously implemented in any patient or healthy populations. We deliberately evaluated muscle fatigue of hip flexors only, as hip flexion is one of the most impaired hip movements for patients with symptomatic FAI according to pain [3] , range of motion [20] , and muscle strength [7] . The lack of EMG recordings from the iliopsoas muscle represents a limitation of our study, since the iliopsoas is a major hip flexor. However, this would have required the use of indwelling fine-wire electrodes. In order to avoid such an invasive approach with our patients, we only recorded surface EMG activity from the two main superficial hip flexor muscles (rectus femoris and tensor fasciae latae).
Although muscle fatigue is an important functional parameter for physical, work and daily activities, it has been rarely investigated using objective measures in orthopaedic patients. Contrary to all expectations, quadriceps muscle fatigue has been found to be less for the involved compared to the uninvolved side after anterior cruciate ligament reconstruction [17, 22] . Indeed, the operated quadriceps exhibited a lower rate of torque and EMG MDF decline during a 30-second sustained maximal isometric contraction [17] , as well as a lower rate of torque decline during a series of submaximal (20% of MVC) isometric contractions evoked by electrical stimulation [22] . Nevertheless, the patients evaluated in these particular studies had considerable quadriceps weakness (41-60%) that probably invalidated, at least in part, fatigue comparisons (too disparate absolute torque levels were used for the involved vs. uninvolved quadriceps). It is actually difficult to compare the above-reported fatigue data with our study findings, due to considerable differences in patient populations, investigated muscles, fatigue protocols, and magnitude of muscle weakness. Nevertheless, it is certainly possible to conclude that hip flexor muscle weakness was not associated with reduced muscle fatigue in our group of FAI patients, contrary to the quadriceps studies reported above.
According to our results, subjective disabilities experienced by patients with FAI while performing dynamic tasks such as walking and running for prolonged periods of time do not seem to be caused by exaggerated hip flexor muscle fatigue. This is probably due to the dichotomy between subjective fatigue, which is usually described as an enduring, subjective sensation of generalised tiredness or lack of energy, and objectively-assessed fatigue, which can be further differentiated into physical (global) fatigue and muscle fatigue. Nevertheless, it is not excluded that the significant hip flexor weakness observed here (21% and 16% for maximal isometric and isokinetic contractions, respectively) could prematurely reduce the ability of patients to develop the required muscle force during prolonged functional tasks. We cannot exclude the possibility that, if our patients and controls were compared using contractions of equal (absolute) force, then the weaker muscles of patients with FAI would have worked at a higher percentage of their maximal capacity, and as a consequence, they might have fatigued earlier and/or to a greater extent [9] . Under these conditions, FAI-related hip flexor muscle weakness could eventually induce greater hip flexor fatigue during sustained functional tasks, which might in turn limit walking ability and endurance, as recently demonstrated for neurological patients [21] . In addition, since hip flexors provide the main contribution to forward motion during early and middle swing of running [19] , it can be postulated that inadequate hip flexor function can also affect running performance (including its duration) in patients with FAI.
Our hip flexor muscle weakness findings confirm recent results obtained in isometric conditions [7] , and further extend these findings to concentric dynamic contractions, such as those commonly encountered in everyday life (e.g., stair climbing, walking uphill). The physiological mechanisms underlying such FAI-related muscle weakness still remain to be identified. Future research should further investigate the extent of subjective and objective physical fatigue associated with sustained functional tasks in patients with FAI, together with the motivational and physiological mechanisms underlying fatigue. In addition, since the effects of preoperative hip strengthening programs on the clinical outcomes of patients with symptomatic FAI seem worthwhile to investigate [7, 23] , hip strengthening exercises should not be aimed at reducing hip flexor fatigability but rather to restore maximal hip flexor muscle strength to healthy control levels.
